Abstract
Introduction

24
Disturbance regimes play a central role in ecosystem dynamics (Willig and Walker, 1999) . 25 However, in many parts of the world, natural disturbance regimes have been disrupted, with 26 unwanted outcomes for biodiversity (Hobbs and Huenneke, 1992, Sinclair and Byrom, 2006) . 27
Thus, many biodiversity conservation programs aim to reinstate natural disturbance regimes 28 (Fuhlendorf et al., 2010 , Noss et al., 2006 , but achieving this in systems where multiple 29 disturbances co-occur may be difficult. Co-occurring disturbances can interact to produce 30 distinctly different outcomes from what would be expected based on individual effects 31 (Didham et al., 2007 , Tylianakis et al., 2008 and a poor understanding of these interactions 32 can lead to unexpected and undesirable management outcomes (Lindenmayer et al., 2010 , 33 Tylianakis et al., 2008 . 34
35
The importance of disturbance interactions for structuring grasslands and heathlands has been 36 widely recognised, and re-establishing fire-grazing interactions is identified as a priority for 37 maintaining biodiversity in these habitats (Fuhlendorf et al., 2010 , Van Langevelde et al., 38 2003 . However, understanding of how fire and herbivory interact to affect species in 39 forested habitats remains limited (Foster, Barton and Lindenmayer, 2014 , Royo et al., 2010 , 40 Wisdom et al., 2006 . As the interactive effects of fire and herbivory depend on the scale, 41 intensity and timing of these disturbances, the outcome of interactions can be highly variable 42 (Fuhlendorf et al., 2010 , Wisdom et al., 2006 . For example, at a local-scale, deer browsing 43 after fire supressed dominant shrub species, increasing herbaceous plant richness in a forest 44 understory (Royo et al., 2010) . Conversely, heavy macropod herbivory following fire limited 45 grass and forb recovery (Tuft, Crowther and McArthur, 2012) . At a larger scale, Bailey and 46 Whitham (2002) found that elk (Cervus canadensis) browsed more heavily in areas of aspen 47 (Populus tremuloides) that burned at high intensity, compared with moderate intensity. This 48 7 we rotated the order of site checking so that each site had one early morning and one late 125 morning check per sampling period. To avoid non-independence of counts within a survey, 126
we used the maximum value of the two consecutive counts for each species. Weather 127 conditions meant that some surveys returned few individuals. Therefore, for data analysis, we 128 excluded surveys with fewer than three detections for that species. 129
130
To measure arthropod prey availability, we sampled ground-dwelling beetles and spiders 131 using pitfall traps, counting the total captures per trap. We deployed four 250ml (100 mm 132 diameter) traps per site (2/3 filled with non-toxic polyethylene glycol solution) for two weeks 133 in November 2012 and 2013. 134
135
Data analysis 136
To assess how fire-herbivory interactions affected habitat structure (question 1), and fauna 137 occupancy (question 2) we tested treatment effects on dependent variables using linear 138 mixed models (LMMs) for vegetation variables and generalised linear mixed models 139 (GLMMs) with Poisson errors for animal counts. Vegetation variables were understory cover 140 (%), understory cover excluding bracken (%, total understory cover minus cover of bracken), 141 understory height (m), and leaf litter depth (mm). We analysed understory cover excluding 142 bracken because bracken is a dominant, unpalatable species which could mask responses of 143 other plants. Bracken also provides little of the ground-level structure important for small 144 vertebrates (Bennett, 1993 GLMMs are not well developed (Zuur et al., 2009 we also discussed these alternate models. We excluded pre-treatment surveys from analyses 160 to avoid spurious time × treatment interactions. 161
162
The properties of some animal variables meant that adjustments to the full model were 163 necessary. Specifically, to adjust for over-dispersion of macropod scat data (φ = 6.9), rabbit 164 digging data (φ = 2.7) and arthropod data (φ = 3.1), we added an observation-level random 165 effect to the models for these variables (Harrison, 2014) . Further, for the macropod model, 166
we divided the partial herbivore treatment into two categories: partial -open months, and 167 partial -closed months, to better describe this treatment. As there were low numbers of 168 macropod scats in exclosure and partial -closed month treatments, they were excluded from 169 this analysis. For the GLMM of antechinus captures, we ran model selection on all subsets of 170 the full model of herbivores*burning*time, plus an alternate model with 'season' substituted 171 for 'time' (giving 33 different models for comparison). This accounted for the strong seasonal 172 variation in antechinus abundance (Lazenby-Cohen and Cockburn, 1991) . Finally, as low 173 mean counts for the two reptile species meant some models including the burn.time fixed 174 effect did not converge, we excluded five models for the delicate skink and three models for 175 the small-eyed snake from model comparisons. LMMs were performed using the lme9 function in the package MASS, GLMMs using the glmer function in the package lme4 and 177
AICc model ranking using the package AICcmodavg, within R version 3.0.1 (R Core Team, 178 2013) . 179
Results
180
Vegetation structure 181
Vegetation structure responded both to the burning and herbivore exclosure treatments, as 182 well as their interaction (Table 2 ). Understory vegetation cover at unburnt sites declined in 183 open and partial treatments over time, but remained stable in exclosure sites (Fig. 1a) . After 184 an initial reduction after fire, a similar decline was observed for burnt, open sites. However, 185 burnt partial and exclosure sites remained stable. (Fig. 1a (Table 2) . Understory height was reduced by fire but had recovered after 21 months (Fig. 2a) . (Table 2 ). Rabbit activity peaked in summer and tended to be higher 207 in sites without macropods (partial and full exclosure treatments) and in burnt sites ( (Table 2) , where antechinus captures were slightly lower in burnt than unburnt sites 213 (Appendix 2). Both the delicate skink and the eastern small-eyed snake were encountered 214 more frequently in burnt sites than unburnt sites (Table 2 , Fig. 6 , Appendix 2). Delicate skink 215 numbers also tended to be higher in open and partial than in full exclosure sites and were 216 higher in the first survey (three months post-fire), than at any other time (Table 3, Fig, 6) . 217
Beetles and spiders captures were 65% higher in the first year (2012, Error! Bookmark not 218 defined. ̅ = 31.3 ± 3.1) than the second (2013, ̅ = 18.9 ± 1.96), and the second ranked 219 model indicated that captures were also slightly higher in burnt than in unburnt sites (Table 2,  220 Appendix 2). 221
Discussion
222
Fire and herbivory can interact strongly in space and time to shape the structure of vegetation 223 communities (Koerner and Collins, 2014 , Royo and Carson, 2006 , Van Langevelde et al., 224 11 2003 . However, animal responses to the fire × herbivory interaction are rarely studied (but 225 see Fuhlendorf et al., 2010 , Kimuyu et al., 2014 , Kutt and Woinarski, 2007 . In our 226 experimental test of the interactive effects of fire and large herbivores, we found that forest 227 understory structure responded to the fire × herbivore exclosure interaction, but vertebrate 228 site occupancy was affected only by the individual effects of disturbance. This suggests that 229 local changes in vegetation structure may not be an adequate predictor of animal responses to 230 disturbance and that animals warrant individual consideration for the management of 231 ecosystems that are subject to both recurring fire and herbivory. 232 233 Question 1: Changes to habitat structure 234
As expected, fire and herbivory both affected habitat structure, and effects differed with 235 disturbance type. The limited recovery of non-bracken vegetation on burnt sites with high 236 densities of large herbivores (Fig. 1 ), was consistent with previous studies (Meers and 237 Adams, 2003 , Tuft et al., 2012 . Both of these previous studies attributed the stronger effect 238 of herbivory on burnt sites to greater herbivore pressure, driven by the attraction of 239 herbivores to the fresh plant growth following fire. This is a commonly reported mechanism 240 explaining fire × herbivore interactions (Klop, van Goethem and de Iongh, 2007) , for which 241 we also found evidence, as indicated by macropod activity being greatest on recently burnt 242 sites (Fig. 2b) . to the dense understory cover in exclosure sites (Bennett, 1993, Knight and Fox, 2000) , 277
providing increased foraging habitat (antechinus are scansorial) and/or greater protection 278 from predators (e.g. Stokes et al., 2004) . Other studies have found that some small mammal 279 species prefer habitats with lower densities of large herbivores (Bush et al., 2012 , Keesing, 280 1998 , Kutt and Gordon, 2012 , but our study is the first to experimentally demonstrate this 281 response to macropod herbivores. 282
283
Contrary to other studies from south-eastern Australia (Fox, 1982 , Lindenmayer et al., 2008 , 284 we found only weak support for a negative response of antechinus to fire. This was likely due 285 to the low intensity, small-scale fires used in our study. The availability of arthropod prey 286 (Table 2 , Appendix 2), combined with the persistence of logs and the proximity of unburnt 287 vegetation to burnt areas in our study, may have sufficiently maintained habitat quality for 288 antechinus. It is likely that antechinus may have responded more strongly to a larger-scale, or 289 higher intensity burn (Lindenmayer et al., 2008 , Penn et al., 2003 . as species that require a mix of habitats (Law and Dickman, 1998, Stein, Gerstner and Kreft, 339 2014) . In Australian landscapes, fire patch-mosaics have been recommended to promote 340 fauna diversity, although key questions around the appropriate spatial and temporal scales of 341 such mosaics remain unanswered (Allouche et al., 2012 , Clarke, 2008 , Driscoll et al., 2010 . 342
While not designed to address questions of spatial scale, our study suggests that maintaining 343 a mix of habitat types and conditions may be important for fauna in forested systems. 344 345 Although both fire and herbivory are often actively managed in forested systems (Gordon, 346 Hester and Festa-Bianchet, 2004, Morrison et al., 1996) , these processes are usually 347 considered independently (Royo and Carson, 2006, Wisdom et al., 2006) . However, the 348 interactive effects of fire and herbivory observed in our study indicate that integrating large 349 herbivore management with fire management practices is likely to be important for achieving 350 vegetation heterogeneity in forests. This could be through the fire-dependent management of 351 herbivores (e.g. controlling large herbivores across only part of a burn or after only some 352 prescribed burns), or through planning fires to consider large herbivore behaviour (e.g. PLoS ONE 7, e31404. 380 Catling, P. & Burt, R. (1995) . Studies of the ground-dwelling mammals of eucalypt forests in 381 south-eastern New South Wales: the effect of habitat variables on distribution and 382 abundance. Wildl. Res. 22, 271-288. 383 Clarke, M. F. (2008) . Catering for the needs of fauna in fire management: science or just 384 wishful thinking? Wildl. Res. 35, 385-394. 385 Croft, P., Reid, N. & Hunter, J. (2010) . Experimental burning changes the quality of fallen 386 timber as habitat for vertebrate and invertebrate fauna: implications for fire 387 management. Wildl. Res. 37, [574] [575] [576] [577] [578] [579] [580] [581] Tables 541 Table 1 
